Surface optical second-harmonic generation ͑SSHG͒ was used to monitor in situ the adsorption kinetics of cyanine dyes on bromide modified Ag͑111͒ substrates and to probe the structural ordering and orientation of the self-assembled aggregates. The observed SSHG changes are compared to the nanoscopic configuration of the aggregates determined by scanning tunneling microscopy and to the macroscopic degree of the surface coverage that was deduced from optical absorption measurements. Due to substrate-adsorbate interaction, the nonlinear optical response of the surface covered with ordered aggregates is significantly different from the case of disordered adsorption. Our observations demonstrate that SSHG can be used to identify the character of molecular self-aggregation on model silver-halide surfaces.
I. INTRODUCTION
Adsorption of cyanine dyes on the surface of silver halide microcrystals in appropriate conditions leads to formation of ordered two-dimensional molecular aggregates with a typical size of several tens of nanometers. The aggregation process is associated with the appearance of a narrow excitonic band in the optical absorption spectrum, which makes the aggregates suitable for applications in spectral sensitization of photographic films and in holographic emulsions. 1, 2 It has been observed recently, that a similar ordered aggregation can also occur on sputter-grown Ag or Au/Ag films covered with an adsorbed halide monolayer. 3 These model surfaces imitate structurally and chemically the properties of silver halide grains and in addition, on account of their conductivity and flatness, provide also a possibility to study the aggregates by means of scanning tunneling microscopy ͑STM͒ and other surface probe techniques. 4 When using model surfaces, an important question is what is the correlation between the aggregation features of a specific dye on the silver halide grains and on the model surface. A more general problem is how the aggregate structure depends on the chemical composition of the dye and on the surface quality of the substrate. STM studies of model surfaces revealed the formation of the brick-stone arranged J and H aggregates as well as the herringbone structure, but in several cases also more complex forms were found. The nanoscopic molecular arrangement was usually observed to be in agreement with the sign of the shift of the adsorbate absorption peak. 3 The widths and positions of the absorption peaks were, nevertheless, often found to be significantly different than on silver halide grains. 4 The structural modifications related to these differences are not yet explained.
The difficulty of determing the aggregate absorption spectra on model surfaces is their very low signal in spectroscopic reflectance with respect to the underlying metallic film. In view of this problem the aggregation process can be more suitably probed by nonlinear reflection, i.e., surface optical second-harmonic generation ͑SSHG͒. SSHG derives its surface sensitivity from the symmetry breaking at interfaces and is a very appropriate technique for the investigation of adsorption processes. As it is described by a higher rank tensor, it is also more sensitive to surface structure and molecular orientation than the linear reflection. 5 SSHG can, for example, provide information on location of the binding sites of the adsorbed molecules, 6 which is difficult to be resolved from the STM and absorption studies.
During the last two decades SSHG has been used to investigate the aggregation phenomena in Langmuir-Blodgett ͑LB͒ films of various cyanine dyes probed either in situ at the air-water interface or transposed onto solid substrates. [7] [8] [9] [10] [11] It was observed that aggregates within the LB films form numerous small domains with a noncentrosymmetric polar structure. However, the SSHG from aggregates adsorbed directly onto silver halides or other solid substrates was to our knowledge not investigated yet.
In this paper we report on a comparative study of the self-aggregation of cyanine dyes on model AgBr/Ag surfaces by combining STM, linear absorption and SSHG measurements. A primary motivation of our work was to find a connection between the SSHG response and the microscopic structure of the aggregates and consequently exploit the applicability of SSHG for structural determination of aggregates and the aggregation process. Two slightly different thiocyanines were investigated ͑Fig. 1͒. As the resonance absorption frequencies of these molecules are well separated from the optical frequencies used in our experiment, our measurements probed predominantly the adsorption induced changes in the electronic states of the underlying Ag film. 12 These changes are determined by the charge transfer process between the adsorbate and the substrate, which is of high importance in all kinds of photosensitization applications.
Our results show that formation of aggregates leads to a large phase shift and a significant decrease of the azimuthaly isotropic part of the SSHG response with respect to the anisotropic one. In case of disordered monomer adsorption, on the contrary, both SSHG contributions decrease very similarly. These observations can be explained by the interaction between the adsorbate and the substrate, which induces different modifications of the in-plane and the out-of-plane components of the surface nonlinear optical susceptibility.
II. EXPERIMENTAL

A. Sample preparation
Dye 1 ͑Fig. 1͒ forms a so-called herringbone structure on AgBr emulsion microcrystals, whereas dye 2, differing from dye 1 only by chloride groups on both ends, leads to the formation of the H aggregates. 13 We followed a procedure developed by Kawasaki and Ishii 3 to prepare a AgBr/Ag model surface. A 240 nm thick Ag layer was evaporated at a rate of 1 nm/s on a freshly cleaved mica sheet heated at 200°C under a pressure of 10 Ϫ7 Torr. The evaporation was followed by an annealing for 1 h at 200°C, which led to the formation of atomically flat terraces more than 100 nm wide as seen by STM. The resulting ͑111͒ crystallographic orientation was confirmed by x-ray measurements.
Two ways to prepare the dye adsorbates were used: in the so-called one-step coating procedure, freshly evaporated Ag substrates were immersed for 45 min in a mixture of dye (10 Ϫ4 M) and KBr (10 Ϫ3 M) in a 1:1 water/ethanol solution. Samples were then rinsed with cold water to remove the non-adsorbed molecules and dried under a flow of nitrogen. In the two-step coating procedure the freshly evaporated Ag films were first immersed for 45 min in a solution of 1:1 water/ethanol with 10 Ϫ3 M KBr. After rinsing and drying, they were probed by SSHG, which took about 30 min altogether. Afterwards these AgBr/Ag͑111͒ substrates were covered with the selected dye using a 1:1 water/ethanol solution with 10 Ϫ4 M of the dye. SSHG measurements were repeated on the same sample part before and after immersion in the dye solution. In addition, in situ adsorption experiments were performed, with the sample immersed in the dye solution.
B. Measurements
SSHG experiments were performed using a pulsed Ti : sapphire laser ͑100 fs, 76 MH, 800 nm͒ with an average power of 250 mW focused onto the sample to a spot size of about 0.3 mm. The incident angle of the fundamental beam was 45°. After proper spatial and spectral filtering the outcoming specularly reflected SHG light was detected by a photomultiplier connected to a photon counter. A typical accumulation time of the SH light was 1 s. The sample was mounted on a rotation stage either in air or within a flow box with dry nitrogen and was kept at room temperature. The SSHG signal was tested to be stable over the time of several tens of minutes, confirming that on the corresponding time scale there was no essential laser induced bleaching and no significant desorption of the bromide layer nor of the cyanine molecules. A possible fast desorption, on a time scale below the accumulation time of the SH light, can be rejected by the observation that very similar SHG signals were observed from freshly illuminated sample parts and from sample parts which were exposed a long time.
Absorption spectra of the aggregates on the AgBr/Ag ͑111͒ model surface were measured using a Shimadzu Diffuse Reflectance spectrometer equipped with a halogen lamp ͑360-800 nm͒ and a deuterium lamp ͑240-360 nm͒. The optical absorbance of the deposited layer was obtained by subtracting the absorbance of the Ag film.
STM images were taken with a home made microscope especially designed for imaging molecular layers 14 as it allows in particular to work with low tunneling currents, typically 10 to 30 pA. Such currents are necessary to minimize tip-surface interactions and thus minimizing possible damages of the molecular layer. The STM was operated in the constant current mode with Pt/Ir cut wires as the tip.
C. Data analysis procedures
The nonlinear optical response of the Ag͑111͒-air interface at fundamental frequencies below the interband transition ͑3.8 eV͒ exhibits a strong rotational anisotropy, which is presumably related to the electronic band structure of Ag in the vicinity of the Fermi level. 15 The azimuthal dependencies of the intensity of the specularly reflected second-harmonic beam for various polarization combinations are given by 16, 17 
where i jk (2) represent the corresponding effective non-linear optical susceptibilities, I() the intensity of the incident fundamental optical beam, and the angle between the ͓211 ͔ crystal axis and the plane of incidence. The subscripts refer to polarizations of the fundamental and the second harmonic beams and denote directions parallel (p polarization͒ and perpendicular (s polarization͒ to the plane of incidence re- spectively. The relations between A i j , B i j , ␦ i j and the various nonlinear polarization sources of the Ag crystal are described in the paper of Sipe, Moss, and van Driel. 16 Adsorption of the dye molecules onto the Ag͑111͒ surface induces a perturbation of its nonlinear optical susceptibility which converts to 18
, ͑5͒
where i jk (2) represents the intrinsic contribution of the substrate, i jk,int (2) a contribution induced by the substrateadsorbate interaction, and i jk,ads (2) the intrinsic contribution of the dye molecules. As we found that the SSHG signal from a thin film of the dye molecules adsorbed on a fused silica plate using the same excitation wavelength of 800 nm was negligibly small, the last term is expected to be not important in our experiments. The observed changes in the SSHG response, resulting from modifications of the parameters A i j , B i j , and ␦ i j in Eqs. ͑1͒-͑4͒, are therefore related to the interaction between the adsorbate and the substrate. The most systematic and reproducible results were obtained for p-p and s-s polarization combinations, therefore we limited our analysis to these two combinations. Measurements of the SSHG response as a function of the azimuthal angle were performed in the full range of 0°ϽϽ360°and a threefold rotational symmetry was always observed. The fitting of the data was also performed on the full azimuthal range, while for clarity reasons the figures give only the results for 0°Ͻ Ͻ120°. Figure 2 shows the dependencies of the SSHG signal on the azimuthal angle for a freshly prepared Ag͑111͒ substrate and for a bromide converted Ag͑111͒ substrate. The presence of the AgBr monolayer induces only relatively minor variations of the SSHG signal compared to the bare Ag film: the I pp (2) on average slightly increases, while the I ss (2) slightly decreases. The corresponding modifications of the fit parameters A pp , B pp , B ss , and ␦ pp are listed in Table I . Figure 3 shows a variation of I pp (2) at ϭ0°measured in situ during adsorption of dye 1 on the Ag͑111͒ substrate. The aggregation features observed in this experiment were similar as in the so-called one-step coating procedure. The sample was mounted in the center of a cylindrical container filled with the KBr/water/ethanol mixture and the SSHG response was monitored for about 10 min. After that, at tϭ0, a few drops of concentrated solution of dye 1 were added to the container and the resulting mixture was carefully stirred. A subsequent decrease of I pp (2) was observed on a time scale of about 30 min. The absorption spectrum of dye 1 in water/ethanol solution has a peak at 542 nm, while the absorbances at 400 and 800 nm are negligible, 13 hence the observed decrease of I pp (2) can be related predominantly to the modification of the SSHG response of the Ag film.
III. RESULTS
A. SSHG measurements
Azimuthal measurements of the I(2) for the one-step coating procedure ͑Fig. 4͒ show that both the p-p and the s-s response significantly reduce. The isotropic term A pp and the anisotropic terms B pp and B ss appear to be affected by the adsorption process in a very similar manner, i.e., they all decrease for about 20%. The parameter ␦ pp is shifted about 10°͑see Table I͒ .
An essentially different modification of the I(2) is obtained, if the sample is prepared by the two-step coating procedure. As shown in Fig. 5 , in this case only the p-p SSHG signal considerably reduces, while the s-s signal remains practically unchanged. Consequently only the isotropic term A pp decreases for about 20%, while B pp and B ss retain their values. The parameter ␦ pp exhibits a significant shift from ␦ pp ϭ39°to ␦ pp ϭ0°͑see Table I͒. The fit parameters for different samples are collected in Table I . The data are given relatively with respect to the value of A pp for a fresh Ag͑111͒ substrate. The results obtained for dye 2 are very similar to those for dye 1.
B. Absorption spectroscopy
Due to the similarities between the absorption properties of the two dyes, also in this section only the results for dye 1 are presented. Absorption spectra of samples prepared by the two-step coating procedure indicate the presence of ordered aggregates ͑Fig. 6͒. Indeed, we found a peak at 516 nm as well as a shoulder around 570 nm, values close to those obtained for AgBr octahedral microcrystals in an emulsion ͑532 and 570 nm͒. The presence of two absorption bands is the signature of a herringbone structure. 13 For samples prepared by the one-step coating procedure the amount of monomer molecules on the surface was much larger. Correspondingly we observed practically entirely a monomerlike peak close to 540 nm ͑Fig. 6͒. This means that there were no, or only very little, ordered aggregates present on the surface, as the shoulder around 570 nm is very weak. 13
C. STM measurements
As the molecules are less than 1 nm height, a high resolution STM picture is difficult to get when scanning a large area. Therefore, rather small areas were imaged on many different places at the sample surface to get a qualitative insight in the degree of ordering. Typical examples of observations of the largest areas where the molecular aggregates can still be observed are given in Figs. 7͑a͒ and 7͑b͒. Figure  7͑a͒ corresponds to a sample prepared by the two-step coating procedure. Large and smooth terraces can be seen which are covered by a monolayer of dyes forming aggregates ͑see arrow͒. These consist in rows of molecules which follow the ͑111͒ orientation of the surface. This kind of image is typical for the whole surface.
On the other side, an equivalent area imaged for a sample prepared by the one-step coating procedure ͓Fig. 7͑b͔͒ shows a bad molecular coverage, as only a few aggregates domains can be seen. For this kind of sample we often found large areas that did not show any indication of ordered aggregation at all. The observed surface structures are hence in agreement with the absorption spectra.
IV. DISCUSSION
Exposure of Ag͑111͒ films to ambient conditions leads to an immediate coverage of the film with a native hydroxide monolayer. By immersion in a KBr solution this monolayer is substituted by Br anions which form a quasi-ͱ3 ϫͱ3/R30°structure with respect to the underlying Ag ͑111͒ lattice. 3 In this substitution process the surface structure and conducting electron density of the film remain the same and consequently the nonlinear optical response is expected to remain unaffected, as is consistent with our observations ͑Fig. 2͒. Due to charge transfer between the adsorbate and the substrate, the nonlinear optical properties of the substituted Br-Ag͑111͒ surface are, however, significantly different from the case of a chemically clean UHV prepared Ag͑111͒ single crystal. 19 The value of B pp /A pp ͑Table I͒ is about five times lower than observed at similar wavelengths on a clean Ag͑111͒ surface and the relative phase ␦ pp is also different.
The adsorbed Br Ϫ anions are supposed to stimulate the aggregation of the cyanine molecules on the Ag͑111͒ surface.
That is because Br Ϫ occupies on the Ag͑111͒ surface presumably the same sites as on the surface of the AgBr microcrystals, on which cyanine dye molecules predominantly aggregate. As evident from Fig. 3 , an essential reduction of the SSHG appears when the dye is added to the solution, which can be associated with the modification of the surface nonlinear optical response due to the interaction of the dye molecules with the substrate. Changes related to modification of the refractive index of the solution can be neglected, as also follows from a comparison with the data for a similar sample held in air ͑see Fig. 4͒ .
The corresponding adsorption kinetics is expected to exhibit a Langmuir type behavior that can be written as 20
The fit of the experimental data to Eq. ͑6͒ is presented as a solid line in Fig. 3 . The agreement is quite good and gives a characteristic adsorption time ϭ22Ϯ2 min. This value is in agreement with the results of Kawazaki et al. 3 who found that the absorption intensity of aggregates on a AgBr/Ag model surface is maximized after 20 min immersion and afterwards saturates. The ratio of the interaction susceptibility to the intrinsic susceptibility is real and has a value of ( ppp,int
/ ppp (2) )ϭ0.33Ϯ0.01. The corresponding zero phase shift between the ppp,int (2) and ppp (2) is in agreement with the results of the azimuthal SSHG measurements, which also showed only relatively small changes of the parameter ␦ pp for the one-step coating procedure ͑Fig. 4, Table I͒ .
In a disordered adsorption process the dye molecules occupy random positions and azimuthal orientations with re- spect to the underlying crystal lattice of the substrate. The interaction potential between the adsorbate and the substrate consequently exhibits the same C 3v symmetry as the surface of the substrate. The azimuthal dependencies of the modified SSHG signal ͓Eq. ͑5͔͒ thus retain the forms as given in Eqs.
͑1͒-͑4͒.
A different situation could appear in the two-step coating procedure when ordered aggregates are formed with an internal structure of lower symmetry than the substrate. If aggregate domains are arranged equivalently with respect to the six analogous crystallographic orientations of the topmost layer of the Ag͑111͒, the modification of azimuthal dependencies of I(2) is given as I pp ͑ 2 ͒ϰ͉Ã pp ϩB pp e i␦ pp cos͑3 ͒ϩC pp e i␥ pp sin͑3 ͉͒ 2 , ͑7͒ I ss ͑ 2 ͒ϰ͉B ss e i␦ ss sin͑3 ͒ϩC ss e i␥ ss cos͑3 ͉͒ 2 , ͑8͒
where C pp , C ss and ␥ pp , ␥ ss represent additional terms with respect to the uncoated substrate ͓Eqs. ͑1͒-͑4͔͒. In our experiments, however, the values of C pp and C ss were always found to be zero, which indicates that the interaction potential between the substrate and the adsorbate exhibits a mirror plane symmetry that is common to both the azimuthal angular distribution of the adsorbed molecules and the underlying crystal lattice. This is a vertical mirror plane along the ͓211 ͔ crystal axis of the Ag. In herringbone aggregates associated with the dye 1 the rows of the molecules observed in the STM images ͓Fig. 7͑a͔͒ therefore coincide either with the ͓211 ͔ directions of the Ag or with their intermediates. The SH response from a metal is generated by three different sources: a bulk current, a surface current perpendicular to the boundary, and a surface current parallel to the boundary. 21 The bulk current originates from the skin depth region typically several tens of nanometers thick and is consequently not very sensitive to the details of the surface structure. The surface currents are generated within a tenth to a few nanometers thick outmost layer of the metal and are hence much more strongly affected by modifications of the surface electronic density induced, for example, by the presence of various adsorbates. 15, 22 The surface sensitivities of perpendicular and parallel surface currents, nevertheless, display quite different aspects. The perpendicular surface current, which is related to the azimuthally isotropic part of the SSHG, depends primarily on the shape of the surface potential barrier in the normal direction, while it is relatively insensitive to the arrangement of the adsorbed molecules in the tangential direction. 23 The parallel surface current, related to anisotropic SSHG, is on the other hand strongly affected by the tangential arrangement of the adsorbates. 15, 24 Adsorbates with irregular or incommensurate structure with respect to the underlying metal film cause an increased surface electron scattering which results in a strong decrease of the tangential SH response. 25 For both types of samples studied in our experiments we observed a very similar reduction ͑for about 20%͒ of the isotropic SSHG parameter A pp due to the adsorption of the dye ͑Table I͒. Such a result suggests that the adsorption in-duced modification of the surface potential barrier in the normal direction is not very sensitive to the way of the growth of the dye/AgBr adlayer. The dye molecules and their counterions seem to equivalently compete with Br Ϫ and K ϩ ions in screening of the surface sites of the Ag͑111͒ film. This competition can be a reason for the formation of very disordered aggregates in the case of a one-step coating procedure, as a mixed instead of a separated double surface adlayer is formed.
The anisotropic SSHG parameters B pp and B ss show a pronounced difference between the two sample preparation procedures. In the one-step coating procedure the values of B pp and B ss are significantly reduced ͑Table I͒, which is in accordance with the disordered dye aggregation detected by STM. In the two-step coating procedure, on the contrary, the variations of B pp and B ss are much smaller, in agreement with the observation that this procedure is associated to the formation of large ordered aggregates.
A significant difference between the two sample preparation procedures was observed also in the parameter ␦ pp . In the one-step coating the shift of ␦ pp is much smaller than in the two-step coating ͑Table I͒. This can be related to the difference in the nature of the adsorption process, i.e., the difference of the effects on the nonlinear susceptibility due to physisorption versus chemisorption. 20 The large shift of ␦ pp observed in two-step coating procedure suggests that ordered aggregation of cyanine dyes on Br-Ag͑111͒ occurs predominantly via chemisorption, which very probably takes place via bonding of the surface silver-bromide layer with the sulfur atoms, similar to the organosulfur monolayers formed on gold 6 .
V. CONCLUSIONS
By monitoring the SSHG changes occurring during adsorption of the thiocyanine dyes on a model AgBr/Ag͑111͒ surface we directly determined the optimal immersion time for formation of a complete monolayer. Our result is in good agreement with the data reported in the literature. We found that two slightly different procedures of preparation of the adlayers gave very different results in terms of coverage of the surface by ordered aggregates. For two dyes studied, the STM images showed large ordered aggregates and very little monomer on the surface if precursory modification of the substrates with KBr was used. On the other hand, when the sample was made in a one-step coating procedure by immersion into a mixed dye/KBr solution, we observed a large fraction of monomers and only very small ordered aggregates. The difference between the two kinds of aggregation processes clearly showed up in the accompanied modification of the SSHG response, which can hence be used to probe the adsorbate ordering features on a macroscopic scale.
The STM images showed that, similar to the LB films of cyanines on water, the aggregates adsorbed on a AgBr/ Ag͑111͒ surface form domains with a stripelike internal arrangement. In addition, the SSHG measurements revealed that the orientational angular distribution of the dye molecules within the domains exhibits a mirror plane symmetry along the ͓211 ͔ crystal axis of the underlying Ag͑111͒ lattice. Further experiments, involving resonant excitation of the dye molecules and phase measurements, could address the polarity of the molecular orientation, i.e., the question which side of the cyanine molecule is directly bounded to the substrate and which side is pointing upwards from the surface.
